To further understand the mechanism of promoter escape by RNA polymerase II, we have systematically investigated the effect of core promoter sequence on the rate of transcript synthesis in vitro. Chimeric and mutant promoters were made by swapping sequences between the human interleukin-2 promoter and the adenovirus major late promoter, which exhibit different rates of transcript synthesis. Kinetic studies at these promoters revealed that sequences downstream of the start sites set the rate of transcript synthesis. Specifically, the sequences at ؉2 and ؉7/؉8 are critical for determining the rate; when either ؉2 is a C (nontemplate strand) or ؉7/؉8 is a TT (nontemplate strand), transcript synthesis is slow. At ؉7/؉8, the thermodynamic stability of the RNA:DNA hybrid controls the overall rate of transcript synthesis. Our data support a model in which the rate-limiting step during transcript synthesis by RNA polymerase II in vitro occurs at the point in the reaction at which early ternary complexes transform into elongation complexes.
Eukaryotic mRNA transcription is a multistep reaction involving numerous protein factors and DNA elements. RNA polymerase II (Pol II) 4 catalyzes mRNA synthesis; however, promoter-specific initiation of transcription requires additional proteins known as the general transcription factors, including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (1) . In addition, a multitude of other factors, including regulators, co-regulators, chromatin, and chromatin modifying factors, work in concert with Pol II and the general transcription factors to regulate levels of transcription (2) (3) (4) . The DNA elements that control mRNA transcription are contained in the promoters of genes, which include regulatory elements that bind activators and repressors and core promoter elements that bind Pol II and the general transcription factors.
During the early stages of transcript synthesis unstable initiated complexes that synthesize 2-and 3-nt RNAs (5-9) transform into stable elongation complexes that complete synthesis of the transcript (9, 10) . This transition occurs during promoter escape, and involves a complex series of molecular transformations including changes in the melted region of DNA, the release of general transcription factors, and formation of the full-length RNA:DNA hybrid (6, 9, (11) (12) (13) (14) (15) . The primary transformations in the DNA involve the formation and initial movement of the transcription bubble. Permanganate footprinting studies showed that the DNA melts from Ϫ9 to ϩ2 upon assembly of the preinitiation complex (6) . Early transcript synthesis then results in continuous extension of the downstream edge of the melted region. By synthesis of an 11-nt RNA the upstream edge of the transcription bubble re-anneals through at least Ϫ2 (6) . Recent studies indicate that this re-annealing cannot occur until the bubble is 18 residues in length and a 7-nt RNA is synthesized (15) . In addition to the DNA, the protein components of the preinitiation complex change en route to formation of elongation complexes. For example, TFIIB and TFIIE release from the ternary complex by synthesis of a 10-nt RNA (16) . This is consistent with structural studies of yeast Pol II and TFIIB, which revealed that the presence of the N terminus of TFIIB in the active center of the polymerase will compete with transcript RNAs longer than 10 nt (17) . The RNA also influences structural transformations in early transcription. The RNA forms a 8-bp RNA:DNA hybrid in the elongation complex, which is thought to be a primary stability determinant for the elongation complex (18, 19) . Both abortive RNA synthesis and transcript slippage, which are most prevalent prior to formation of a stable elongation complex, are influenced by the RNA:DNA hybrid stability (20 -22) . Clearly numerous complex events must occur during promoter escape as preinitiation complexes transform into elongation complexes.
We previously found promoter escape to be the slowest of the transcript synthesis steps in vitro at both the adenovirus major late promoter (AdMLP) (9, 13) and the interleukin-2 promoter (IL-2P) (23) . There was, however, a significant difference in the rate constants for transcript synthesis at the two promoters. This suggested that characteristics unique to each of the promoters led to different rates of transcript synthesis. Whereas the role of the core promoter in recruiting the transcription machinery is well established, its influence on the synthesis steps of the transcription reaction has not been investigated in detail. Studies to address this question could provide fundamental insight into the mechanism of the early steps of transcript synthesis, which are important for establishing the elongation complex.
To further understand the mechanism of promoter escape we have investigated the effect of the core promoter sequence on the rate of transcription. Taking advantage of the difference in the rates of transcript synthesis at the IL-2P and AdMLP, we made chimeric and mutant promoters that swapped IL-2P and AdMLP sequences to determine which sequences set the rate of transcript synthesis. We found that the sequence downstream of the transcription start site is the primary determinant of the rate of transcript synthesis, with the sequences at ϩ2 and ϩ7/ϩ8 being critical. Investigating the mechanism by which sequence affects the rate of transcription revealed that the thermodynamic stability of the RNA:DNA hybrid at ϩ7/ϩ8 could control the rate. These studies support a model in which the rate-limiting step during transcript synthesis in vitro occurs at the point at which the elongation complex first forms.
EXPERIMENTAL PROCEDURES
Preparation of Promoters and Transcription Reagents-Plasmid pBS-IL-2-Luc, which has been described previously (5) , contains the region of the IL-2 promoter from Ϫ326 to ϩ46. Plasmid pBS-IL-2(MLP(Ϫ40/ ϩ46))-Luc was generated using PCR to replace the region from Ϫ41 to ϩ45 of pBS-IL-2-Luc with the region from Ϫ40 to ϩ46 of pBSMLP-Gless (consists of AdMLP sequence from Ϫ40 to ϩ10 and a G-less cassette from ϩ11 to ϩ42) (5). To make each of the other chimeric plasmids listed in TABLE ONE, PCR was used to generate two DNA fragments, both of which contained the designated mutations in overlapping regions. The two DNA fragments were then used together as a PCR template to generate a third DNA fragment. This final DNA fragment was digested using XhoI and HindIII and ligated into the pBS-IL-2-Luc plasmid.
Recombinant human TFIIB and TFIIF and native human Pol II were prepared as previously described (13) . Human TBP was expressed in Escherichia coli by induction with 1 mM isopropyl ␤-D-thiogalactopyranoside for 30 min at 37°C. TBP was purified by ion-exchange chromatography in buffer H (20 mM Hepes (pH 7.9), 10% glycerol, 0.05 mM EDTA, 2 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM sodium metabisulfite) containing varying concentrations of KCl. First, cellular lysate was passed over a DE52 column and washed with buffer H containing 0.2 M KCl. The flow-through containing TBP was loaded on a P11 column and eluted with buffer H containing 1 M KCl. The eluate was ammonium sulfate precipitated (25% saturation). The pellet was resuspended in buffer H and dialyzed in buffer H containing 0.1 M KCl. TBP was further purified on a Mono S column with a linear gradient from 0.1 to 0.5 M KCl in buffer H. Fractions containing TBP were pooled and dialyzed against buffer DB100 (20 mM Tris⅐HCl (pH 7.9), 20% glycerol, 1 mM dithiothreitol, 0.1 mM EDTA, 100 mM KCl).
In Vitro Transcription Reactions-Transcription reactions were performed in buffer A containing 10 mM Tris⅐HCl (pH 7.9), 10 mM Hepes (pH 8.0), 10% glycerol, 1 mM dithiothreitol, 4 mM MgCl 2 , 50 mM KCl, 50 g/ml bovine serum albumin, and 15 units/ml RNA Guard (Amersham Biosciences). Reactions contained the following concentrations of transcription factors and template DNA: 3 nM TBP, 14 nM TFIIB, 2 nM TFIIF, 3 nM Pol II, and 1-1.2 nM DNA template. Unless otherwise indicated, nucleotides were added to the assay at final concentrations of 625 M ATP, 625 M UTP, 25 M [␣-32 P]CTP (5 Ci per reaction), and 100 M 3Ј-O-methylguanosine triphosphate (3Ј-Me-GTP, Amersham Biosciences). When used, dinucleotides (UpA, CpU, and ApC (Dharmacon)) were added at final concentrations of 0.3-1.0 mM. In all cases, control reactions omitting the dinucleotide were performed and run on gels adjacent to reactions containing dinucleotide. Transcripts that initiated with dinucleotide migrated at a different position in the gel from those that initiated with an NTP, thereby enabling us to quantitate only the transcripts that initiated with dinucleotide. When used, 625 M rTTP (TriLink Biotechnologies) or 5-bromo-UTP (Ambion) replaced the UTP in transcription reactions.
In general, experiments to measure rates of transcript synthesis were performed as follows, with differences indicated in the figures and figure legends. Transcription factors and Pol II were incubated in buffer A (200 l) at 37°C for 2 min. Promoter DNA in buffer A (200 l) was then added to this mixture and the incubation was continued for 16 min at 37°C to allow preinitiation complexes to form. At this point, competitor DNA (40 l of pBSMLP(ϩ1G), in which the ϩ1 position of the AdMLP is changed from an A to a G (5)), was added to a final concentration of 9 nM. After 4 min, a solution of nucleotides (40 l) was added to initiate transcription, and the reaction was incubated at 37°C. At variable time points, 24-l portions of the reaction were transferred to tubes containing 100 l of stop solution (3.1 M ammonium acetate, 10 g of carrier yeast RNA, 15 g of proteinase K, and 20 mM EDTA). RNA was ethanol precipitated and resolved by 14% denaturing PAGE.
Rate Constant Calculations-Full-length RNA product was quantitated using an Amersham Biosciences PhosphorImager. After subtracting background, the PhosphorImager units (PI) were plotted versus time in seconds and fit to the equation: PI ϭ PI max (1-e Ϫkt ) using Kaleidagraph or Prism to solve for PI max and k (the rate constant). The plots in Figs. 1B, 4 , 5B, and 6 were generated by dividing the PI units at each time point by the PI max for the data set.
RESULTS

The Early Transcribed Regions of the IL-2P and AdMLP Set Different
Rates of Transcript Synthesis-We previously found that transcript synthesis (i.e. all steps that occur after the addition of nucleotides to preinitiation complexes) was significantly slower at the AdMLP than at the IL-2P in a transcription system reconstituted from TFIIA, TFIID, TFIIB, TFIIF, Pol II, TFIIE, and TFIIH (23) . Our goals were to understand what properties of the IL-2P and AdMLP cause different rates of transcript synthesis and to further decipher the mechanism of promoter escape. To begin we constructed two plasmids that are identical in sequence except for an 85-bp region containing either the core promoter region of IL-2P or the core promoter region of AdMLP-G-less (hereafter referred to as AdMLP). To study the most basic mechanism of promoter escape, we chose to work in a human reconstituted system containing the minimum set of factors required to obtain promoter-specific transcription from a negatively supercoiled plasmid: TBP, TFIIB, TFIIF, and core Pol II (9, 10, 13) .
A schematic depicting the method used to measure the rate of a single round of transcript synthesis is shown in Fig. 1A . Pol II, TBP, TFIIB, and TFIIF were incubated for 2 min after which promoter DNA was added. Preinitiation complexes were allowed to form, and then a competitor DNA was added to sequester unbound transcription factors and Pol II, thereby preventing them from initiating additional rounds of transcription beyond the first. A nucleotide mixture including ATP, CTP, UTP, and 3Ј-Me-GTP was added to allow transcription through the first C in the template strand. Under these conditions, transcription from the IL-2P and AdMLP produced 27-and 49-nt products, respectively (transcribed sequences are shown in Fig. 2A ). The rate constants for transcript synthesis at the IL-2P and AdMLP were 11.5 ϫ 10 Ϫ3 s Ϫ1 and 2.31 ϫ 10 Ϫ3 s Ϫ1 , respectively (Fig. 1B and TABLE ONE) . Therefore, transcript synthesis at the AdMLP is 5-fold slower than at the IL-2P in a minimal in vitro transcription system. This difference is not because of the different transcript lengths produced from the two promoters (data not shown). Given that the two plasmids differ only in the characteristics of their core promoters, we conclude that the core regions of IL-2P and AdMLP set different rates of transcript synthesis in vitro. Fig . 2A shows an alignment of the core regions of the IL-2P and AdMLP sequences (nontemplate strand). There is a difference in the spacing between the TATA box and the start site at the two promoters: 24 bp at IL-2P and 23 bp at AdMLP. Therefore, the AdMLP sequence shown in Fig. 2A has a space inserted between Ϫ5 and Ϫ6, which results in an alignment having the maximum amount of sequence identity between the two promoters. Even so, outside of the TATA boxes, little sequence similarity exists between IL-2P and AdMLP.
Two possible causes of the difference in the rates of transcript synthesis between the IL-2P and AdMLP are: 1) differences in the sequences of the two core promoters, and 2) the difference in the spacing between the TATA box and transcription start site in the two promoters. To begin to test the effects of spacing and sequence on the rate of transcript synthesis we constructed four chimeric promoters (Fig. 2B ) that differed in the upstream core promoter region, downstream core promoter region, and the spacing between the TATA box and the transcription start site. The name of each promoter contains three terms (in order): 1) the origin of the region upstream of the start site (A for AdMLP or I for IL-2P), 2) the origin of the region downstream of the start site (A or I), and 3) the spacing between the TATA box and the start site in the chimera (23 or 24 bp). To change the spacing between the TATA box and the start site, the junctions between the upstream and downstream regions were varied. The rate constants for transcript synthesis at the four chimeric promoters are plotted in Fig. 2B , along with the rate constants for IL-2P and AdMLP from Fig. 1 . The rate constants at the AI23 and AI24 promoters approximated that of wildtype IL-2P. The rate constant at the IA23 promoter was similar to wildtype AdMLP, and the rate constant at the IA24 promoter was intermediate, although most similar to AdMLP. Considering the origins of the upstream region, downstream region, and spacing, only the origin of the downstream region was predictive of the rate of transcript synthesis measured on each chimeric promoter. When the downstream region was from AdMLP the rate was slow; when the downstream region was from IL-2P the rate was fast.
This conclusion is more easily visualized in the plot in Fig. 2C . Here, the six rate constants are plotted in each of three columns: upstream region, downstream region, and spacing. The shading of each point depicts the origin of the upstream region, downstream region, or spacing, with filled circles for IL-2P and open circles for AdMLP. In each column, the points cluster into two groups: those with larger (IL-2P-like) rate constants and those with smaller (AdMLP-like) rate constants. It is only in the downstream region column that the open circles and filled circles segregate into two separate clusters, as highlighted by the gray ovals. Therefore, the downstream region is the primary determinant of the rate of transcript synthesis in this system. As an additional test of the effect of spacing, we measured the rate of transcript synthesis on the wild-type IL-2P in the presence of UpA, which forces transcription to initiate at Ϫ1. Under these conditions, the rate constant for We previously found that the slow step of transcript synthesis in our system occurs after synthesis of a 4-nt RNA at both promoters and is complete by synthesis of a 15-nt RNA at the AdMLP (9, 13, 23). We therefore hypothesized that the early transcribed regions of the AdMLP and IL-2P are responsible for setting the two different rates of transcript synthesis observed at these promoters. To test this we created a new construct, A(ϩ1/ϩ10), that is based on the IA23 promoter, which had the slowest rate of transcript synthesis of the four chimeric promoters tested in Fig. 2B . A(ϩ1/ϩ10) differs from IA23 in that the sequence downstream of ϩ10 is from IL-2P instead of AdMLP (see Fig. 2, B and  D) . In effect, the A(ϩ1/ϩ10) promoter consists of the IL-2P promoter with the region from Ϫ1 to ϩ9 replaced with the ϩ1 to ϩ10 region of AdMLP. The rate constant for transcript synthesis measured at the A(ϩ1/ϩ10) promoter was 1.63 ϫ 10 Ϫ3 s Ϫ1 (Fig. 2D) . Therefore, replacing the early transcribed region of IL-2P with that of AdMLP decreases the rate of transcript synthesis to that observed at AdMLP. To further test the role of the early transcribed region in setting the rate of transcript synthesis, we created a promoter in which the ϩ1 to ϩ10 region of the AdMLP is replaced with the IL-2P sequence from Ϫ1 to ϩ9 (I(Ϫ1/ϩ9)). The rate constant for transcript synthesis at this promoter was 3.5-fold greater than at the AdMLP (TABLE ONE) . Lastly, control experiments showed that the slow rate of transcript synthesis at A(ϩ1/ ϩ10) was independent of the nucleotide used for labeling. Together these experiments show that the early transcribed regions of AdMLP and IL-2P set different rates of transcript synthesis. The Sequences at Positions ϩ2 and ϩ7/ϩ8 Set the Rate of Transcript Synthesis-We next wanted to determine whether sequences at specific positions in the early transcribed region set different rates of transcript synthesis. To devise a strategy for making mutations in the ϩ1 to ϩ10 region we aligned the sequences of the 9 promoters tested thus far. To initially limit the number of possibilities, we assumed that the sequence at each position (ϩ1 through ϩ10) acted independent of neighboring sequences. This analysis showed that at two positions, ϩ2 and ϩ5, the sequences between promoters with fast and slow rates were always different. The alignment of three transcribed sequences in Fig. 3A depicts this observation. We therefore hypothesized that the sequences at ϩ2 and/or ϩ5 would contribute to setting the different rates of transcript synthesis. Because the alignment of the ϩ1 to ϩ10 regions of AdMLP and IL-2P initiated with UpA differed at only five positions (ϩ1, ϩ2, ϩ5, ϩ8, ϩ9) we made a series of four mutant promoters that progressively changed the A(ϩ1/ϩ10) promoter at each of these positions to the sequence of IL-2P initiated with UpA as shown in Fig. 3B . Comparing rate constants for transcript synthesis at these mutant promoters would reveal the contributions of the sequences at the five positions, including ϩ2 and ϩ5, to setting the rate of transcript synthesis.
The bar plot in Fig. 3B displays the rate constants for transcript synthesis at the four mutant promoters (also see TABLE ONE). For comparison, the rate constants previously measured for A(ϩ1/ϩ10) and IL-2P initiated with UpA are displayed as the lower and upper dashed lines, respectively. As the sequence is progressively changed from AdMLP toward IL-2P (from left to right) the rate constant for transcript synthesis increases. The progression jumps in two distinct places. Both of these jumps occur with a sequence change at a single position in the early transcribed region: 1) changing ϩ8 from T to C (nontemplate strand) increases the rate of transcript synthesis 2-fold, and 2) changing ϩ2 from C to A increases the rate of transcript synthesis an additional 2.5-fold. Changes in the sequence at ϩ1, ϩ5, and ϩ9 did not substantially affect the rate of transcript synthesis. Hence, as hypothesized, the sequence at ϩ2 contributes to setting the rate of transcript synthesis; all promoters with slow rates of transcript synthesis have a C at ϩ2. A strong correlation does not exist between the sequence at ϩ8 and the rate of transcript synthesis. This suggested that although the sequence at ϩ8 contributes to setting the rate of transcript synthesis, it does not function independently, but is likely influenced by the sequence at one or more other positions. 3. Sequences at ؉2 and ؉8 control the rate of transcript synthesis. A, alignment of the ϩ1 to ϩ10 transcribed sequences of three promoters. B, the sequences at ϩ2 and ϩ8 in the A(ϩ1/ϩ10) promoter set a slow rate of transcript synthesis. Transcribed sequences (nontemplate strand) are shown for the A(ϩ1/ϩ10) promoter, the IL-2P initiated with UpA, and the mutant promoters. Dashes indicate positions in the mutant promoters that are identical to the A(ϩ1/ϩ10) promoter. The bar plot shows the rate constants for transcript synthesis measured on the four mutant promoters (y axis is logarithmic). For reference, the upper dashed line indicates the rate constant previously measured at IL-2P initiated with UpA, whereas the lower dashed line indicates the rate constant previously measured at the A(ϩ1/ ϩ10) promoter. Rate constants are the average of at least three experiments and the error bars represent 1 S.D. C, the sequences at ϩ2 and ϩ8 together set the rate of transcript synthesis. The bar plot shows the rate constants for transcript synthesis measured on the three mutant promoters (y axis is logarithmic).
Given the way the series of mutants in Fig. 3B was made, it was possible that the sequence changes at ϩ2 and ϩ8 did not act alone, but required changes at other positions. To test this we changed the sequences at ϩ2 and ϩ8 in the A(ϩ1/ϩ10) promoter together and individually to the corresponding sequences of IL-2P initiated with UpA as shown in Fig. 3C . Changing both ϩ2 and ϩ8 caused an 8-fold increase in the rate constant for transcript synthesis. Thus, changes at ϩ2 and ϩ8 dramatically altered the rate of transcription, and changes at other positions (e.g. ϩ5 and ϩ9) were not required to observe this effect. When ϩ2 and ϩ8 were individually mutated, the rate constants for transcript synthesis increased to 5.06 ϫ 10 Ϫ3 s Ϫ1 and 2.41 ϫ 10 Ϫ3 s Ϫ1 , respectively. Neither individual mutation had the same level of effect as the double mutant, therefore the sequences at ϩ2 and ϩ8 both contribute to setting the rate of transcript synthesis. We next asked whether the sequences at ϩ2 and ϩ8 of the IL-2P were important for setting a fast rate of transcript synthesis when transcription was initiated from the natural start site. To test the sequence at ϩ2 we made a single point mutation in IL-2P that replaced the T at ϩ2 with a C (I-T2C), which we predicted would slow transcript synthesis. To alleviate the possibility that transcript synthesis would be slow because of the reduced CTP concentration used for labeling the transcript, reactions were initiated with the dinucleotide ApC. Under these conditions, introducing a C at ϩ2 decreased the rate constant for transcript synthesis 2.7-fold (Fig. 4A , solid curve) compared with IL-2P initiated at the natural start site (dashed curve). Thus, the sequence at ϩ2 of IL-2P is important for setting the rate of transcript synthesis.
Testing the effect of the sequence at ϩ8 of IL-2P was not as straight forward for two reasons. First, it appeared that the effect of the sequence at ϩ8 was influenced by sequences at another yet unidentified position(s). Second, when the natural start sites of IL-2P and AdMLP are aligned, both promoters contain a T (nontemplate strand) at ϩ8, yet the rates of transcript synthesis were different (Fig. 3A) . We hypothesized FIGURE 4 . The sequences at ؉2 and ؉7/؉8 in IL-2P set the rate of transcript synthesis. A, changing the sequence at ϩ2 in IL-2P from a T to a C (nontemplate strand) slows the rate of transcript synthesis. Reactions in panels A and C were initiated with the dinucleotide ApC. The IL-2P curve from Fig. 1B is shown for reference (dashed curve) in all panels. B, changing the sequence at ϩ7 in IL-2P from a C to a T (nontemplate strand) slows the rate of transcript synthesis. C, mutating both ϩ2 and ϩ7 in IL-2P slows the rate of transcript synthesis, but the effects of the mutations are not additive. DECEMBER 2, 2005 • VOLUME 280 • NUMBER 48 that sequences neighboring ϩ8 influence the rate of transcript synthesis (i.e. sequence at ϩ7 or ϩ9). When the AdMLP and IL-2P are aligned relative to their natural start sites, the sequences at ϩ9 are identical, whereas those at ϩ7 differ (refer to Fig. 3A) . We therefore changed the IL-2P sequence at ϩ7/ϩ8 from CT to TT, which is the ϩ7/ϩ8 sequence in the AdMLP. The single point mutation in the IL-2P (I-C7T) decreased the rate constant for transcript synthesis 3.8-fold (Fig. 4B,  compare the dashed and solid curves) . Taken together with earlier results, this indicates that the sequences at ϩ7 and ϩ8 cooperate to set the rate of transcript synthesis. Specifically, when the sequence at ϩ7/ϩ8 is TT then the transcript synthesis is relatively slow.
Early Transcribed Sequence Sets the Rate of Transcription
To determine whether the respective decreases in the rates of transcript synthesis caused by placing a C at ϩ2 and TT at ϩ7/ϩ8 were additive, we made a construct containing two mutations: I-T2C/C7T. The rate of transcript synthesis at this promoter was 3.99 ϫ 10 Ϫ3 s
Ϫ1
( Fig. 4C) , which is similar to that measured at the I-T2C promoter and greater than that at the I-C7T promoter. Therefore, placing a C at ϩ2 and TT at ϩ7/ϩ8 of IL-2P individually decreased the rate of transcript synthesis, but together did not have an additive effect. Fig. 5A depicts a two-dimensional matrix with the three ϩ2 sequences in the tested promoters listed along the bottom and the three ϩ7/ϩ8 sequences in the tested promoters listed along the left side. The average rate constants (with standard deviations if obtained) for the seven different combinations of ϩ2 and ϩ7/ϩ8 sequences tested are shown. Among these promoters, transcript synthesis was always relatively slow when either the sequence at ϩ2 was a C or the sequence at ϩ7/ϩ8 was TT. By contrast, an A or a T at ϩ2 permitted a fast rate of transcript synthesis (as long as the sequence at ϩ7/ϩ8 was not TT) and TC or CT at ϩ7/ϩ8 permitted a fast rate of transcription (as long as the sequence at ϩ2 was not a C).
The Effects of the C and TT Sequences on the Rate of Transcript Synthesis Are Position Specific-
In examining the sequences of promoters tested thus far (TABLE  ONE) , it is apparent that C and TT are found at many positions other than ϩ2 and ϩ7/ϩ8 in promoters with fast rates. For example, the IL-2P naturally contains C residues in its nontemplate strand at ϩ3, ϩ5, ϩ7, and ϩ9. Moreover, when transcription was initiated at the IL-2P using UpA, the C residues were moved to ϩ4, ϩ6, ϩ8, and ϩ10 relative to the new transcription start site, and the rate of transcript synthesis remained fast. Hence, having a C at any position from ϩ3 through ϩ10 did not cause a slow rate of transcript synthesis. Similarly, in considering the sequence TT, the IL-2P naturally has the sequence TTT at ϩ10/ ϩ11/ϩ12 and the I-C7T has a TT at ϩ6/ϩ7. At both of these promoters, the rate of transcript synthesis is fast, hence TT at ϩ6/ϩ7, ϩ10/ ϩ11, and ϩ11/ϩ12 does not cause a slow rate of transcript synthesis. This strongly suggests that the effects of the C and TT are unique to ϩ2 and ϩ7/ϩ8, respectively.
To further test the effect of C and TT at other positions in the early transcribed region, we used the dinucleotide CpU to shift the transcriptional start site upstream two positions in the I-C7T promoter. This moves TT out of ϩ7/ϩ8 and places a C at ϩ1 and TT at both ϩ8/ϩ9 and ϩ9/ϩ10 relative to the new start site (sequences are shown in Fig.  5B ). In doing so, the rate constant for transcript synthesis increased almost 3-fold (Fig. 5B, triangles) . Hence, neither a C at ϩ1 nor TT at ϩ8/ϩ9 and ϩ9/ϩ10 caused a slow rate of transcript synthesis. As a control, UpA was used to shift the start site upstream by only one position, which maintains a TT at ϩ7/ϩ8 in the I-C7T promoter. Under these conditions, the rate of transcript synthesis remained slow (Fig. 5B,  squares) . Together our data show that a C causes a slow rate of transcript synthesis when present at ϩ2, but not at ϩ1 nor at any position from ϩ3 through ϩ10. In addition, TT causes a slow rate of transcript synthesis when present at ϩ7/ϩ8, but not at ϩ6/ϩ7, ϩ8/ϩ9, ϩ9/ϩ10, ϩ10/ϩ11, and ϩ11/ϩ12.
The Slow Rate of Transcript Synthesis Set by the ϩ7/ϩ8 TT Is Because of Low Thermodynamic Stability of the RNA:DNA Hybrid at This
Position-We were intrigued by the observation that TT (nontemplate strand) at ϩ7/ϩ8 causes a slow rate of transcript synthesis because previous measurements of the thermodynamic stability of RNA:DNA hybrids have shown that rUrU:dAdA is by far the least stable of all of the 16 different 2-bp RNA:DNA hybrids (24) . By contrast, the DNA:DNA hybrid dTdT:dAdA has moderate stability compared with other sequences (25) . Moreover, experiments have shown that a (rU:dA) 5 stretch was at least 200-fold less stable than the corresponding (rA:dT) 5 stretch, leading the authors to propose that these unstable RNA:DNA hybrids may have biological functions (26) . We hypothesized that the slow rate of transcript synthesis at promoters containing a ϩ7/ϩ8 TT was because of the low thermodynamic stability of the resulting rUrU: dAdA hybrid at these positions. To begin to test this we made two additional point mutations. First, we asked whether changing ϩ8 from a T to a C could suppress the effect of the I-C7T mutation, which resulted in a 4-fold decrease in the rate of transcript synthesis (Fig. 4B) . We made a double mutant promoter (I-C7T/T8C) that has TC instead of TT at FIGURE 5 . A C at ؉2 and TT at ؉7/؉8 are unique in their ability to set a slow rate of transcript synthesis. A, having either a ϩ2 C or ϩ7/ϩ8 TT causes a slow rate of transcript synthesis. See text for explanation of the matrix. B, shifting the start site of transcription, thereby changing the sequence at ϩ7/ϩ8, can change the rate of transcript synthesis. At the I-C7T promoter, initiating transcription at Ϫ2 using CpU moves TT out of ϩ7/ϩ8 and increases the rate of transcript synthesis (triangles). Initiating transcription at Ϫ1 using UpA retains a TT at ϩ7/ϩ8 and the rate of transcript synthesis remains slow (squares). The I-C7T sequence (nontemplate strand) and the sequences of the RNA transcripts are shown. Positions ϩ7 and ϩ8 are underlined. ϩ7/ϩ8; therefore, the RNA:DNA hybrid at ϩ7/ϩ8 would be rUrC: dAdG instead of rUrU:dAdA. This would change the ⌬G 0 of the RNA: DNA hybrid at ϩ7/ϩ8 from Ϫ0.2 to Ϫ1.5 kcal/mol, making it significantly more stable (24) . Introducing the second mutation increased the rate of transcript synthesis 4.4-fold from 3.02 to 13.6 ϫ 10 Ϫ3 s Ϫ1 (Fig.   6A ), thereby reversing the effect of the I-C7T mutation. This confirms the importance of TT at ϩ7/ϩ8 in setting a slow rate of transcription. Second, we mutated ϩ7 in IL-2P to an A, which changed the sequence at ϩ7/ϩ8 from CT to AT. Notably, this mutation would not change the ⌬G 0 for the RNA:DNA hybrid at ϩ7/ϩ8, however, it would significantly decrease the ⌬G 0 for the DNA:DNA hybrid at ϩ7/ϩ8 (from Ϫ1.16 to Ϫ0.73 kcal/mol) (25) . The rate constant for transcript synthesis at this promoter (I-C7A) was 24.1 ϫ 10 Ϫ3 s Ϫ1 (TABLE ONE) . Thus, decreasing the thermodynamic stability of the DNA:DNA hybrid at ϩ7/ϩ8 does not slow the rate of transcript synthesis. To directly test whether the effect of TT at ϩ7/ϩ8 on the rate of transcript synthesis was because of the low stability of the RNA:DNA hybrid at these positions, we asked whether stabilizing the RNA:DNA hybrid at ϩ7/ϩ8 using the modified nucleotides 5-methyl-UTP (rTTP) and 5-bromo-UTP (rBr-UTP) in place of UTP would increase the rate of transcript synthesis. Both poly(rT:rA) and poly(rBrU:rA) have significantly higher T m values than does poly(rU:rA) (27) . In addition, rBr-UTP has previously been used to stabilize RNA:DNA hybrids during transcription (20, 28) . We replaced UTP with either rTTP or rBr-UTP in reactions containing the I-C7T promoter, which has TT at ϩ7/ϩ8. Both modified nucleotides increased the rate of transcript synthesis: rTTP increased the rate 3-fold (Fig. 6B) and rBr-UTP increased the rate 2.5-fold (TABLE ONE) . Hence, these hybrid-stabilizing nucleotides reversed the majority of the 3.8-fold decrease caused by the C7T mutation. To ensure that the increased rate of transcript synthesis in the presence of the modified nucleotides was because of the TT at ϩ7/ϩ8, we measured the rate constants for transcript synthesis at the wild-type IL-2P with rTTP or rBr-UTP in place of UTP. Neither modified nucleotide affected the rate constant for transcript synthesis at the IL-2P (TABLE ONE) . We conclude that the low thermodynamic stability of the rUrU:dAdA hybrid that results from a TT at ϩ7/ϩ8 causes a slow rate of transcript synthesis.
DISCUSSION
To better understand the mechanism of early transcription we used chimeric and mutant promoters to investigate how core promoter sequence influences the rate of transcription in vitro. We found that the region of the core promoter downstream of the start site sets a fast or slow rate of transcript synthesis at the IL-2P or AdMLP, respectively, with sequences at ϩ2 and ϩ7/ϩ8 being critical determinants of the rate. A slow rate of transcript synthesis occurs when ϩ2 is C or when ϩ7/ϩ8 is TT. We also found that the rate of transcript synthesis depends on the thermodynamic stability of the RNA:DNA hybrid at ϩ7/ϩ8. These studies establish that the core promoter sequence can set the rate of RNA synthesis in vitro.
The Sequence at ϩ7/ϩ8 Influences the Rate of Transcript Synthesis-The mechanism by which the sequence at ϩ7/ϩ8 sets the rate of transcript synthesis involves the thermodynamic stability of the RNA: DNA hybrid. Transcript synthesis is slow when the RNA:DNA hybrid at ϩ7/ϩ8 is rUrU:dAdA, which has a significantly lower thermodynamic stability than all of the 15 other 2-bp RNA:DNA hybrid sequences (24) . Pal and Luse (21, 22) previously found that RNA:DNA hybrid stability in the early transcribed region contributes to transcript slippage, and the amount of transcript slippage decreased at ϩ8/ϩ9. We have observed transcript slippage at some of the promoters studied here, however, the amount of slippage does not correlate with the rate of transcript synthesis.
We propose that the transformation between an early ternary complex and a functional elongation complex is rate-limiting in our in vitro transcription system, and that the stability of the RNA:DNA hybrid at ϩ7/ϩ8 can control the rate of this transformation. A less stable hybrid at ϩ7/ϩ8 decreases the rate at which a functional elongation complex can form. Our data indicate that the eighth nucleotide must be added to the growing RNA transcript and the RNA:DNA hybrid at ϩ7/ϩ8 must form before the rate-limiting step can occur. Therefore, the first point in the reaction at which the rate-limiting step could occur is just prior to or during translocation of the Pol II active site after synthesis of an 8-nt RNA. Notably, synthesis of an 8-nt RNA is also required to form the 8-bp RNA:DNA hybrid found in the elongation complex, which is predicted to be a primary determinant of elongation complex stability (18, 19) . Hence, translocation after synthesis of an 8-nt RNA is the first point in the transcription reaction at which: 1) the rate-limiting step can occur, 2) a full-length RNA:DNA hybrid can be established, and 3) a stable elongation complex can form. It is possible that the rate-limiting step occurs later in the reaction, between ϩ9 and ϩ15. For this to occur, the ϩ7/ϩ8 positions of the RNA:DNA hybrid would have to be uniquely situated such that the rate of a critical downstream transformation in the ternary complex is affected. This is because a TT (and hence low thermodynamic stability in the RNA:DNA hybrid) at positions other than ϩ7/ϩ8 did not result in a slow rate of transcript synthesis.
Luse and colleagues (15) recently monitored bubble collapse (the abrupt reannealing of the upstream portion of the melted DNA) during early transcription. They propose that bubble collapse defines the transition between initiation complexes and stable elongation complexes, and show that bubble collapse can occur only after the transcript is minimally 7 nt in length (15) . The kinetic studies presented here are consistent with these findings.
The Sequence at ϩ2 Influences the Rate of Transcript Synthesis-The mechanism by which the sequence at ϩ2 can set the rate of transcript synthesis is less clear than that at ϩ7/ϩ8. Position ϩ2, unlike ϩ7/ϩ8, is not in the region in which the rate-limiting step occurs (between synthesis of a 4-and 15-nt RNA (9, 13)). The sequence at ϩ2 has not previously been implicated in affecting transcription. Position ϩ2 is contained within the Inr, but the sequence at this position does not affect Inr function; any of the four possible base pairs is allowed at ϩ2 according to the Inr consensus sequence (29 -31). We speculate that this enables the sequence at ϩ2 to be utilized to control the rate of transcript synthesis. It has been shown that the TAF subunits of TFIID make contacts within this region of DNA (32) (33) (34) . It is possible that specific contacts between position ϩ2 and a TAF(s) could be important for regulating the rate of transcription. In this scenario, the Inr and the sequence at ϩ2 could independently control both preinitiation complex assembly and the rate of transcript synthesis, respectively.
We considered the possibility that the effect of the ϩ2 sequence was because of the RNA:DNA hybrid stability at either ϩ1/ϩ2 or ϩ2/ϩ3. Using a variety of di-and trinucleotides to alter the RNA:DNA hybrid stability at ϩ1/ϩ2 and ϩ2/ϩ3, we did not find a correlation with the rate of transcript synthesis (data not shown). It is possible that the sequence at ϩ2 affects the rate of transcript synthesis via direct contact of the RNA transcript or the RNA:DNA hybrid with the polymerase. It is unlikely that the ϩ2 sequence affects the rate of transcript synthesis via the stability of the DNA:DNA hybrid because the DNA at position ϩ2 is melted in ternary complexes containing 4 -10 nt RNAs (6) .
We propose that the sequence at ϩ2 of either the RNA or the DNA controls the initial separation of the 5Ј-end of the RNA from the DNA during the formation of an elongation complex, and that this event can limit the overall rate of transcript synthesis. The RNA:DNA hybrid length in the elongation complex is likely to oscillate between 7 and 8 bp during each cycle of catalysis and translocation. This is evident from the high resolution crystal structure of a yeast Pol II elongation complex paused by omission of UTP, which was needed for addition of the 11th nucleotide to the growing RNA transcript (19) . In this complex, the RNA was 10 nt in length, the active site of the polymerase had translocated to register 11, and the 3 nucleotides at the 5Ј-end of the RNA were separated from the DNA, leaving a 7-bp RNA:DNA hybrid. This structure can be extrapolated to the initial formation of the elongation complex. During translocation of the polymerase active site after addition of the 8th nucleotide, the 5Ј-end of the RNA would separate from the DNA, and a 7-bp RNA:DNA hybrid would transiently exist until the 9th nucleotide is added to the growing RNA. We propose that the sequence at ϩ2 can influence the initial separation of the 5Ј nucleotide of the RNA from the DNA, thereby affecting the overall rate of transcript synthesis.
It is also possible that the sequence at ϩ2 affects the rate at which TFIIB releases from the transcribing complex. The yeast Pol II/TFIIB co-crystal structure shows that the N terminus of TFIIB projects into the active center of the polymerase where it occupies space that will ultimately contain the growing RNA transcript; it is predicted that TFIIB must vacate this space before the RNA is 9 -10 nt in length (17) . Interactions between the RNA at position ϩ2 and either Pol II or TFIIB could influence the rate at which TFIIB releases. Luse and colleagues (15) predict that the displacement of TFIIB from the active center of the polymerase is coupled with bubble collapse and formation of an elongation complex. It is possible that TFIIB release is coupled to the slow step in transcript synthesis, and changing the rate of release could influence the overall rate of transcript synthesis.
When the effects of the ϩ2 and ϩ7/ϩ8 sequences are considered together, we arrive at a concerted model for the rate-limiting step of transcript synthesis in a minimal system. We propose that a single step limits the rate of transcript synthesis in vitro and that this step occurs during translocation of the polymerase active site after addition of the 8th nucleotide, which is the first point at which an elongation complex can form. It is likely that bubble collapse and the release of TFIIB occur at this point in the reaction as well (15) . The rate of this transformation depends on: 1) the stability of the RNA:DNA hybrid at ϩ7/ϩ8, which anchors the 3Ј end of the RNA to the DNA, and 2) the sequence of the RNA or DNA at ϩ2, which could affect the initial separation of the 5Ј-end of the RNA from the DNA. This concerted model explains our observation that sequences at two distinct and separate positions can affect the rate of a single step in the transcription reaction.
It will be interesting to determine how general this principle is for determining the rate of transcription at other eukaryotic promoters. Once the rates of transcript synthesis have been determined at a number of promoters, a comparative analysis of the sequences at ϩ2 and ϩ7/ϩ8 should reveal whether a C or TT, respectively, could generally affect the rate of transcript synthesis. Whereas the use of a minimal transcription system enabled us to determine that the sequences at ϩ2 and ϩ7/ϩ8 are important for setting the rate of transcript synthesis, future experiments will investigate the influence of these sequences on transcription in cells.
